Introduction
HER1/EGFR signalling plays a pivotal role in tumourigenesis and disease progression. HER1/EGFR belongs to the HER family of four distinct receptors (HER1/EGFR, HER2/neu, HER3 and HER4) [1] . These receptors are transmembrane glycoproteins comprising an extracellular ligand binding domain, an intracellular tyrosine kinase (TK) domain and a transmembrane anchoring segment [1] . Various ligands can bind to the HER1/EGFR extracellular domain, inducing receptor homo-or heterodimerisation with another receptor of the same type or other HER family members, respectively [2] . This leads to activation of the receptor's intrinsic TK activity and autophosphorylation, initiating downstream signalling through various pathways. These include the mitogen-activated protein kinase (MAPK), phosphatidylinositol-3-OH kinase (PI3K/Akt), and the signal transducer and activator of transcription (STAT)-mediated pathways. The signalling transduction process exerts action on gene transcription and protein translation, stimulating tumour-cell proliferation, migration, adhesion and angiogenesis, and inhibition of apoptosis ( Figure 1 ) [3] . Various mutant forms of HER1/EGFR have also been identified, of which EGFRvIII is the best known. EGFRvIII is constitutively activated and therefore the downstream signalling cascade is independent of ligand binding. EGFRvIII is associated with a more aggressive tumour phenotype [4] .
Many studies have reported that HER1/EGFR is dysregulated in various tumour types (Table 1 ). In non-small cell lung cancer (NSCLC), between 43 and 83% of tumours overexpress HER1/EGFR, and EGFRvIII is detected in 60% of grade 3/4 gliomas, where it is frequently overexpressed as a result of gene amplification [5 -7] . In addition, HER1/EGFR overexpression has been shown to correlate with disease progression, poor prognosis and reduced sensitivity to chemotherapy [8, 9] . Against this background, HER1/EGFR was identified as an attractive target for the development of novel anticancer agents. Several strategies have been developed to target HER1/EGFR. The most advanced in clinical development are small-molecule TK inhibitors and monoclonal antibodies (MAbs).
TK inhibitors (orally administered) are low molecular weight compounds that compete with ATP for binding to the receptor's intracellular TK pocket [3] . By blocking TK activity, these agents prevent the receptor's catalytic activity and autophosphorylation, inhibiting downstream signal transduction and the cellular effects associated with HER1/EGFR activation [3] . TK inhibitors can be reversible, irreversible or block one or more members of the HER family of receptors (Table 2) . Those most advanced in clinical development are erlotinib (Tarcevae) and gefitinib (Iressae). Gefitinib was recently registered in the USA for pretreated patients with advanced non-small lung cancer (NSCLC).
MAbs block the extracellular domain of the receptor, preventing ligand-dependent or independent activation and downstream signalling [10, 11] . Trastuzumab (Herceptin w ), an anti-HER2 MAb, was the first MAb to be licensed. HER1/EGFR-specific cetuximab (Erbituxe) is the most advanced anti-HER1/EGFR MAb in clinical development. It exerts antitumour effects by inhibiting ligand binding [11] . Cetuximab was recently approved in the USA and Europe for patients with metastatic colorectal cancer who are refractory to irinotecan.
Preclinical and early clinical studies with HER1/EGFR-targeted agents were very encouraging. Various studies showed that these agents are selective for their target, active across many types of solid tumours and better tolerated than chemotherapy [12] [13] [14] [15] [16] [17] . In addition, phase II trials showed they had clinical activity against a range of solid tumours. In particular, phase II trials of single-agent erlotinib or gefitinib in patients with advanced, refractory NSCLC and cetuximab in combination with irinotecan in advanced, refractory colorectal cancer were particularly encouraging [18] [19] [20] [21] . These findings showed that a proportion of patients (10 -30%) have major responses to these agents. These encouraging results prompted the initiation of large-scale phase III trials. At the forefront were trials examining gefitinib (INTACT 1 and 2) or erlotinib (TALENT and TRIBUTE), in combination with one of two standard chemotherapy regimens (gemcitabine and cisplatin or carboplatin and paclitaxel) for the first-line treatment of advanced NSCLC. Disappointingly, these studies failed to meet their primary endpoint of improvement in overall survival [22] [23] [24] [25] . Several hypotheses have been put forward to explain the outcome: (i) HER1/EGFR responsive patients were not pre-selected for therapy; (ii) an antagonistic effect resulting from concomitant use of chemotherapy with TK inhibitors; (iii) the chemotherapy and TK inhibitor may be targeting the same cell population and therefore this regimen has no added benefit; and (iv) no added benefit of a three-drug versus a two-drug regimen (as previously observed in patients with advanced NSCLC treated with chemotherapy) [26] [27] [28] .
Other phase III trials are examining HER1/EGFR-targeted agents in various indications and settings (Table 3) . Importantly, based on evidence of activity in NSCLC, a randomised, double-blind, placebo-controlled phase III trial, conducted in collaboration with the NCIC, examined second/third-line erlotinib monotherapy 150 mg/day in patients with advanced, refractory NSCLC (BR.21). Preliminary analysis shows a clear survival benefit with erlotinib over placebo, as well as improved time to symptomatic deterioration, progression-free survival and response rate [29] . A similar trial of gefitinib in patients with advanced, refractory NSCLC is also in progress.
This article reviews strategies aimed at selecting the optimal dose and dosing schedules of HER1/EGFR-targeted agents. We also discuss studies targeted at identifying predictive and surrogate markers of response. This could help to select patients who are most likely to benefit from therapy, or define whether treatment is effective at an early stage. Hopefully, these strategies may aid in managing potential issues arising with the use of other targeted agents.
Selecting the optimal dose for TK inhibitors
In vitro studies demonstrate that the HER1/EGFR TK inhibitors gefitinib and erlotinib are potent and highly selective for HER1/EGFR at submicromolar concentrations [14, 30] . Both these agents have minimal activity against other receptor and non-receptor TKs in vitro, which suggests that these agents at micromolar concentrations minimally affect other pathways, some of which may be essential for physiological function. However, recent studies with erlotinib suggest that the concentration of agent required to inhibit receptor autophosphorylation is much lower than that required to inhibit activation of HER1/EGFR downstream signalling pathways and cellular activity [31] . In cells that overexpress the receptor, only a small fraction of HER1/EGFRs need to be activated to generate a signal and maintain disease. For example, if a tumour cell has 500 000 HER1/EGFRs, and a TK inhibitor achieves 99% inhibition, 5000 signalling receptors still remain. Therefore, we can hypothesise that by administering TK inhibitors at as high a dose as possible, we can achieve maximum HER1/EGFR TK inhibition, resulting in more effective inhibition of downstream signalling pathways and associated cellular effects [31] . This suggests that HER1/EGFR-targeted agents have optimal activity when they are administered close to the maximum tolerated dose (MTD) as for chemotherapy, although this remains to be proven in the clinical setting.
For orally administered agents, many factors influence the amount of active drug that eventually reaches the receptor. In particular, inter-patient differences can have a marked effect on the drug's absorption and metabolism and therefore can explain differences in toxicity as well as activity. Data from preclinical studies appear to confirm that higher plasma exposure produces greater inhibition of HER1/EGFR autophosphorylation [12, 13, 32] . Phase I studies have shown that administering TK inhibitors at the MTD results in higher plasma exposure, which may result in greater inhibition of HER1/EGFR activity. The plasma exposure (AUC 0 -24 ) with erlotinib given at 150 mg/day is 38.42 mg·h/ml [13] . Similar exposure (36.08 mg·h/ml) is achieved with gefitinib at 700 mg/day, the approximate MTD [32] . However, presently, gefitinib is administered at lower doses of 250 mg/day (registered dose) or 500 mg/day (used in some trials). So, TK inhibitors can be dosed at MTD, for the reasons outlined previously, or at a lower dose which, theoretically, is sufficient to inhibit the receptor, but avoids excess drug exposure so minimising toxicity [33] . Current clinical data do not allow us to conclude which approach is optimal in terms of efficacy and toxicity. Further preclinical studies will help us understand receptor binding and downstream signalling, allowing clear definition of the dose level required to achieve complete binding and total inhibition.
Preclinical studies show both agents reach the cellular receptor; erlotinib effectively enters the tumour from the plasma (tumour:plasma ratio, 0.4), indicating high plasma exposure that results in high tumour exposure [12] . A study with gefitinib suggests that it is extensively distributed into tissue because of its high volume of distribution [34] . At the maximal time point, the tumour to plasma ratio for gefitinib is high (tumor:plasma ratio = 4:14). Therefore, there may be differences between these two agents, although subtle, which could lead to different clinical outcomes. However, ongoing preclinical studies with both agents will clarify the relationship between plasma and tumour-drug concentration and clinical outcome.
Finally, phase II studies have shown that rash, the most commonly reported adverse event for HER1/EGFR targeted agents, may predict response/survival to both erlotinib and cetuximab [18, 35] . However, the value of rash as an efficacy marker for gefitinib remains to be established. While some phase II trials show a correlation between rash and response [36, 37] , others do not [38] . This relationship is discussed in more detail later. As rash is dose related [13, 32] , we can hypothesise that dosing to MTD may improve outcome. However, this hypothesis needs further study, as the concept of increasing toxicity to increase activity has been used in chemotherapy for decades and it may not be accurate. Clearly, dosing to MTD may increase the toxicity of these agents to a level similar to chemotherapy, although the side effects are clearly of a different nature.
Identifying appropriate dosing schedules and combination regimens
Theoretically, combining therapeutic agents that inhibit different pathways/processes critical for tumour growth and progression could improve overall efficacy and prevent resistance from developing. To this end, preclinical and clinical studies are examining the feasibility of combining HER1/EGFRtargeted agents with chemotherapy, radiotherapy and other targeted agents.
Many preclinical studies have examined the effectiveness of combining HER1/EGFR TK inhibitors with chemotherapy, and several of these studies reported additive or synergistic activities [39, 40] . However, the negative results of the gefitinib and erlotinib phase III combination trials as first-line therapy for NSCLC indicate that HER1/EGFR-targeted agents given concomitantly with chemotherapy are not effective. Sequencing drug delivery may be preferable, given the demonstrated efficacy of HER1/EGFR TK inhibitors as monotherapy.
As it is known that docetaxel causes M-phase cell-cycle arrest, it has been hypothesised that the specific cell-cycle effects of erlotinib and docetaxel may influence the cytotoxic response to different sequences of combined drug administrations [41] . In a preclinical study, human NSCLC cells were treated with erlotinib alone (1 mM, 24 h), docetaxel alone (50 nM, 18 h), both drugs simultaneously (24 h), or erlotinibdocetaxel and docetaxel -erlotinib sequences. All combinations significantly induced cell-cycle arrest. However, the greatest degree of cell death or apoptosis was observed when erlotinib was delivered after docetaxel, supporting sequential use.
Recent preclinical studies with gefitinib have assessed the effectiveness of sequential delivery in combination with chemotherapy. In a human head and neck cancer cell line, sequential administration of gefitinib and cisplatin -5-fluorouracil (5-FU) inhibited cell proliferation more effectively than either treatment alone [42] . In addition, sequential administration of gefitinib and paclitaxel was significantly more effective than continuous dosing at sensitising tumours to paclitaxel [43] . Against this background, several clinical studies are ongoing/planned to examine sequential dosing regimens of erlotinib or gefitinib with chemotherapy in patients with various solid tumour types. Ongoing studies include a phase II study of chemoradiation followed by gefitinib in unresectable stage IIIA/B NSCLC and a phase II study with induction gefitinib and paclitaxel plus carboplatin followed either by radiotherapy or concomitant radiotherapy with once weekly paclitaxel plus carboplatin in stage II NSCLC. A phase II trial of gemcitabine plus cisplatin in sequence with gefitinib in patients with stage IIIA N2 NSCLC is ongoing in the European Organisation for Research and Treatment of Cancer (EORTC). Several studies are also ongoing, assessing the activity of single-agent erlotinib and gefitinib in first-line treatment of advanced NSCLC. Patients who do not benefit from this therapy will switch to combination chemotherapy. Eventually randomised studies will need to be performed to assess accurately the role of these agents in first-line therapy versus standard chemotherapy.
Obviously, the combination of several targeted therapies offers the advantage of targeting multiple pathways, as well as a better toxicity profile compared with conventional chemotherapy. HER1/EGFR TK inhibitors are at the forefront of the clinical development of targeted therapy and are therefore attractive partners for investigation with other agents. The combination of HER1/EGFR TK inhibitors with angiogenesis inhibitors is particularly interesting. Bevacizumab (Avastine), a humanised, recombinant anti-vascular endothelial growth factor (VEGF) MAb, has been recently approved by the Federal Drug Administration (FDA) in the USA in combination with 5-FU-based chemotherapy as a first-line therapy for patients with colorectal cancer [44] . Preclinical studies show that HER1/EGFR inhibitors prevent expression of VEGF, bFGF, TGF-a and IL-8 by tumour cells. Therefore, we can hypothesise that targeting both VEGF and HER1/EGFR should result in dual inhibition of the angiogenic system, which might maximise tumour-growth inhibition. Indeed, data show that combining bevacizumab with erlotinib has an additive inhibitory effect on the growth of human colon tumour xenografts [45] . Gefitinib has also been shown to enhance the activity of another vascular targeting agent ZD6126 in colorectal cancer and NSCLC xenograft models [46] . Against this background, a phase II trial of bevacizumab in combination with erlotinib was initiated in patients with advanced, recurrent NSCLC [47] . Encouraging activity was observed and the most common adverse events (rash, diarrhoea and proteinuria) were never more than mild to moderate. In addition, preliminary data suggest that there is no pharmacokinetic interaction between these agents [47] . Therefore, these data suggest that combining erlotinib with bevacizumab is feasible and warrants further investigation.
Further combinations of HER1/EGFR TK inhibitors and other targeted agents are being investigated. We hope these combinations will provide benefit for patients with hard-totreat cancers. Key ongoing studies are examining HER1/EGFR TK inhibitors in combination with: bortezomib, a proteasome inhibitor; celecoxib and rofecoxib, cyclooxygenase-2 inhibitors; pemetrexed, an antifolate; bexarotene, a retinoid receptor (RXR) ligand; and pertuzumab and trastuzumzab, anti-HER2 MAbs.
Finally, recent preclinical data showing synergistic activity when a HER1/EGFR TK inhibitor and an anti-HER1/EGFR MAb are combined are particularly interesting. Gefitinib plus cetuximab had a greater than additive effect on cell proliferation, apoptosis and HER1/EGFR-dependent signalling, compared with either agent alone [48] . Examining this combination in a clinical trial is warranted.
Predictive markers of response
Identifying and pre-selecting patients most likely to respond to HER1/EGFR-targeted agents will improve the chance of achieving a positive outcome. For trastuzumab, the predictive marker of response was identified as overexpression [high (+++)] of the target receptor HER2. If HER2 overexpression had not been used to select patients for treatment with trastuzumab in combination with chemotherapy in a pivotal phase III trial, this trial may have resulted in a negative outcome [49] . For HER1/EGFR-targeted agents, a unique and reliable predictive marker of response has not yet been identified. Receptor expression itself is the most obvious candidate and several studies indicate a correlation between HER1/EGFR overexpression and poor prognosis. However, these findings are confounded by problems with assessing HER1/EGFR expression accurately and lack of a standardised scoring system [49] . In addition, analysis of tumour biopsies from 157 of the 425 patients enrolled in two phase II trials of single-agent gefitinib in patients with advanced refractory NSCLC (IDEAL 1 and 2) indicate that HER1/EGFR expression does not predict response to gefitinib [50] . This is in agreement with clinical trials where patients selected for HER1/EGFR expression showed little difference in response compared with unselected patients in other trials [18, 51, 52] . Therefore, it is important to consider whether other factors, such as gene mutations, activation of downstream signalling pathways or receptor polymorphisms could predict for response. An initial study in patients with NSCLC, found response rates with gefitinib were higher in those with high baseline pMAPK or pAkt staining compared with those with low pMAPK or pAkt staining [53] . A recent study failed to confirm the pMAPK findings, but did show improved response rate (26.1% versus 3.9%; P = 0.003), disease control rate (60.9% versus 23.5%; P <0.001), and time to progression (5.5 versus 2.8 months; P = 0.004) in patients with pAKT-positive tumours compared with those with pAKtnegative tumours [54] . In contrast, the results of a gefitinib monotherapy trial in patients with bronchioloalveolar (BAC) show improved survival in patients with tumours expressing low levels of pMAPK, compared with those with high pMAPK-expressing tumours [55] . These conflicting findings make it difficult to assess the roles of pMAPK and pAKT, and to evaluate their use as predictive markers of response.
Pérez-Soler and colleagues [56] examined molecular changes in response with erlotinib in six parental and chemoresistant cell lines, and molecular changes associated with acquired resistance to erlotinib. There was increased sensitivity to erlotinib in three chemoresistant cell lines and the IC 50 for erlotinib was 4-20 times lower than in the corresponding parental cell lines. Expression of HER1/EGFR and pHER1/EGFR was higher in the chemoresistant than parental cell lines. All chemoresistant clones overexpressed fibroblast growth factor receptor (FGFR) and platelet-derived growth factor receptor (PDGFR) genes by 2.3-34.2-and 2.6-14.6-fold, respectively, compared with the parental cells. In vivo, tumour formation and growth were faster with the resistant than parental cells and associated with E-and C-cadherin downregulation. In general, it was found that increased sensitivity to erlotinib is associated with increases in HER1/EGFR expression and activated HER1/EGFR expression, and the expression of genes involved in other signalling pathways. These data also suggest that acquired resistance to chemotherapy may increase sensitivity to HER1/EGFR. Against this background, HER1/EGFRtargeted agents should be examined, particularly for patients with advanced disease that is refractory to chemotherapy. The findings also show that cross-resistance with chemotherapy is rare. In another study, tumour specimens from 31 patients collected prior to treatment with gefitinib were analysed using gene-expression profiling. Seven patients had a partial response and six patients had prolonged disease stabilisation. Expression of signal transducers and activators of transcription (STAT5A, STAT5B) and a-catenin correlated with clinical response.
One potential resistance gene [gefitinib-resistant gene 1 (GRG-1)] was expressed at higher levels in samples from patients with disease progression [57] . However, larger studies are required to confirm these preliminary data. We hope that further understanding of resistance mechanisms through stateof-the-art techniques, such as gene-expression profiling, will help us to identify critical marker(s) and allow us to select patients most likely to benefit from therapy with TK inhibitors.
Interestingly, individual patient characteristics may also predict outcome for HER1/EGFR-targeted agents. In IDEAL 1, a performance status (PS) of 0-1, prior immunotherapy/hormonal therapy, female gender and adenocarcinoma histology were all identified as prognosticators of objective response [19, 38] . Of note, PS is a well-known predictor of response/ survival following first-line chemotherapy in patients with NSCLC. Miller and colleagues [58] analysed data from 140 patients with NSCLC treated with gefitinib monotherapy on a clinical trial (n = 13) or compassionate use programme (n = 127). Multivariate analysis found that BAC features (P = 0.005) and being a 'never-smoker' (P = 0.007) were the only predictors of response to therapy [58] . These data are supported by recent findings with erlotinib, which show that non-smoking patients with adenocarcinoma (with BAC features) are more likely to respond to therapy than individuals with adenocarcinoma (with BAC features) who have smoked (46% non-smokers versus 21% smokers; (P = 0.09) [59] .
Identifying surrogate markers of activity
One possible surrogate marker that has received much attention recently is skin rash. Rash associated with HER1/EGFR inhibition generally occurs above the waist and is characterised by clusters of monomorphic pustular lesions [13, 32] . Data from various trials show that response and/or survival correlates with the development of rash. In a phase II trial with erlotinib in 57 patients with advanced, refractory NSCLC, all seven patients with complete or partial responses, and nearly all of those with stable disease (21/22 patients; 95%), also had rash, while only 15/28 (54%) of those with progressive disease had rash [18] . In addition, patients with grade 1 or grade 2/3 rash survived significantly longer than those without rash; median survival of patients without rash was 1.5 months, compared with 8.5 months for patients with grade 1 rash (P <0.0001) and 19.6 months for patients with grade 2 rash (P <0.0001) [18] . A correlation between rash and survival was also observed in two phase II studies of ovarian and head and neck cancers; median survival of ovarian patients without rash was 3.6 months compared with 11.75 months for patients with grade 2 rash (P = 0.004). The difference between patients with no rash and grade 1 skin rash did not reach statistical significance (P = 0.11) [60] .
Likewise, median survival of head and neck cancer patients with no grade 1 and grade 2-4 skin rash was 4.0, 5.0 and 7.4 months, respectively [61] . Overall, survival for patients with grades 2-4 skin rash was significantly longer compared with those with no rash (P = 0.045). However, the difference was not statistically significant between patients with no rash and those with grade 1 rash (P = 0.14) (Figure 2) . Also, no relationship was found between the development and severity of rash and pharmacokinetic activity (median plasma concentration of erlotinib and its major metabolite OSI-420). Interestingly, however, a relationship was found between the median plasma concentration of both erlotinib and OSI-420 at 5 -10-h post-dosing and survival [61] . HER1/EGFR polymorphisms could be responsible for the differences in skin toxicity and tumour response among patients. Indeed, previous studies have shown a dinucleotide (CA) repeat polymorphism in intron 1 of HER1/EGFR, ranging from 14 to 21 repeats. It has been suggested that this polymorphism regulates HER1/EGFR expression and may play a crucial role in individual variability Figure 2 . Survival of patients with HNSCC (head and neck squamous cell cancer) by grade of skin rash [53] . [62, 63] . Ongoing preclinical studies will give us a better understanding of the genetic polymorphisms of HER1/EGFR that may influence the efficacy and toxicity profile of HER1/EGFR TK inhibitors.
In a phase II study of single-agent erlotinib in heavily pretreated metastatic breast cancer patients, pharmacokinetic sampling was performed for population pharmacokinetic analysis. Preliminary data suggest that the extent of drug exposure is related to both time to onset and severity of rash [64] . Ongoing studies will assess the clinical relevance of these findings. However, it should be noted that the use of rash to predict outcome is based on the premise that patients need sufficient time on the drug before developing rash (usually at least 2 weeks) and therefore those who die or discontinue treatment early due to disease progression do not stay long enough on treatment to be able to develop a rash.
A phase II trial of gefitinib at the higher recommended dose of 500 mg/day in patients with head and neck squamous cell cancer (HNSCC) found a strong correlation between skin toxicity and response (P = 0.004), progression-free survival (P = 0.0002) and overall survival (P = 0.001) [36] . A recent study of patients treated with gefitinib on the compassionate use programme also found a strong correlation between skin rash and response/survival. Two hundred patients with stage III/IV, refractory disease were enrolled at the Dana Farber Partners Cancer Care Affiliated Institute, and had a median of two prior chemotherapy regimens (range 0-6). Only 156 patients were evaluable for response. Five of seven patients (71.4%) with a partial response and 35 of 60 patients (58.3%) with stable disease developed skin rash. Importantly, patients who developed any grade of skin rash survived significantly longer than those without rash (10 months versus 4.5 months, respectively; P <0.0001) [37] . Another study analysed early-onset skin rash in patients enrolled in IDEAL 1 and 2 and found no significant difference in response rate between those with early-onset skin rash and those without [38] .
Results of a randomised study comparing cetuximab monotherapy with cetuximab plus irinotecan for patients with irinotecan-refractory metastatic colorectal cancer, show a correlation between skin rash and response rate/survival. Response rate and median survival were significantly greater in patients with rash than those without (25.8% versus 6.3% and 9.1 months versus 3 months for the combination therapy; 13% versus 0% and 8.1 months versus 2.5 months, for the monotherapy) [65] . Findings from four further trials of cetuximab alone or with chemotherapy in patients with colorectal, head and neck and pancreatic cancer also show a significant correlation between rash and survival (cetuximab and irinotecan in colorectal cancer, P = 0.0001; cetuximab, P = 0.06; cetuximab and cisplatin, P = 0.004; cetuximab and gemcitabine, P = 0.004) [35] .
In summary, the data reported so far for erlotinib and cetuximab in various indications and different clinical settings support a correlation between rash and survival. For gefitinib, some studies, but not all, support a correlation between rash and response/survival. The reasons for these differences are not clear, but they could be a result of different dosing strategies, pharmacokinetic or pharmacogenetic heterogeneity among patients, or different reporting methodologies [skin rash is not clearly defined in the Common Toxicity Criteria (CTC)]. It is also possible that there are distinct pharmacological differences across the class of TK inhibitors, which suggests that markers of response for these agents may be different amongst the various agents.
Overall, these findings imply that some individuals with less severe or no rash would benefit from dose escalation to increase rash severity, highlighting a potential for improving clinical outcome. Because of the possible impact of dosing to increase rash on future trials, a phase II multicentre trial of erlotinib in advanced, refractory NSCLC patients has been initiated to investigate whether dose escalation to induce tolerable rash in the absence of other severe toxicities is feasible. More studies are required to understand whether rash predicts for outcome with HER1/EGFR-targeted agents and whether this is a result of the mechanism of action of these agents or because it predicts for a more responsive tumour in general. It is likely that, as with chemotherapy, toxicity may predict sufficient body exposure, however, it will not reflect tumour sensitivity to the drug.
Many studies with HER1/EGFR-targeted agents show that skin could be a useful surrogate tissue for evaluating the pharmacodynamic effects of therapy and identifying easily quantifiable surrogate markers of activity. Various pharmacodynamic studies have assessed the effects of HER1/EGFR-targeted agents in skin samples [66, 67] . However, it is probable that the extent of inhibition in the skin and target tumour is different, but this has so far been difficult to assess [68] . To date, no reliable marker has been clearly identified, although studies support the use of p27 as a surrogate marker of response [33, 67] . Further studies are examining these markers in greater detail, and staining and quantification procedures need careful validation.
Other potential surrogate markers of activity are also being investigated. One potential marker identified in the IDEAL 1 and 2 trials is rapid improvement of disease-related symptoms [38] . Data from IDEAL 1 and 2 showed that 69% and 100% of patients with an objective response had improved symptoms. Given that palliation is the major goal in this patient population, reducing symptoms with minimal toxicity is of great importance.
Positron emission tomography (PET) is being investigated as a diagnostic tool. PET scans are being incorporated into phase II/III trials with various HER1/EGFR-targeted agents and these findings should provide more information on imaging as a marker of therapeutic efficacy.
Molecular profiling: a breakthrough technology for the future response to TK inhibitors. Three recently published studies show that patients with NSCLC responding to gefitinib or erlotinib therapy have specific and functionally related somatic mutations in the gene encoding the HER1/EGFR-TK domain [68] [69] [70] . In one study, all patients who responded to gefitinib, and for whom pre-treatment tumour tissue was available, showed HER1/EGFR-TK domain somatic mutations (5/5), while none of the four non-responders for whom equivalent tissue samples were obtained had such genetic alterations in the drug binding site (P <0.0027) [68] . In a second similar study, eight out of nine patients with gefitinib-responsive NSCLC for whom tissue samples had been obtained at diagnosis had overlapping somatic mutations in the TK region, while none of the seven non-responders showed similar mutations [69] . The final study looked at response to gefitinib and erlotinib. Seven out of 10 patients who responded to gefitinib had HER1/EGFR-TK domain somatic mutations, but there were mutations in the gefitinib-refractory tumours. There was a similar pattern in tumours from erlotinib-treated patients. Five out of seven tumours from patients who responded to erlotinib had mutations, but there were none in 10 erlotinib-refractory tumours [70] .
The type and locus of these mutations were similar in all three studies, suggesting a link with tumour development per se and maybe a direct relationship with NSCLC. Interestingly, most of the responsive patients with HER1/EGFR mutations were women who had never smoked, nearly half of whom had BAC. Japanese patients also showed an increased incidence of mutations [68] . Interestingly, these mutations were clustered around the active adenosine triphosphate (ATP) binding site and some of these mutations were also common in independent tumour samples.
Taken together, these studies show that 25 of 31 (81%) tumours from individuals who responded to gefitinib or erlotinib had mutations in the HER1/EGFR-TK domain (Table 4) . Although this is a breakthrough, these results should be confirmed in larger investigations. It is possible that the samples are not representative of mutations in the EGFR gene at the time of treatment. Pre-exposure tissue samples were not available from all patients who responded to gefitinib, so mutations may have been induced by chemotherapy. However, samples were available from all patients who responded to erlotinib, making this scenario unlikely. In vitro induction of similar mutations in cell lines showed that they increased receptor activation compared with wild-type receptor [63] and in all three studies was associated with enhanced sensitivity to gefitinib and/or erlotinib. These studies suggest that the prevalence of such mutations in patients with NSCLC is around 8-13%, similar to the observed response rates with gefitinib [19, 20] . However, Paez et al. [68] examined unselected NSCLC samples from patients not treated with gefitinib and found somatic TK mutations in 26% (15/58) of Japanese samples and only 2% (1/61) of US samples; this frequency of mutation is different from the response rate to gefitinib reported in Japanese and non-Japanese patients in a large phase II trial (27.5% and 10.1%, respectively) [19] . A number of patients did not achieve the standard definition of a major response in either study, but nevertheless benefited substantially from treatment (improvement of symptoms and reduction in tumour measurements). Clinical experience with gefitinib, and other HER1/EGFR-targeted agents, indicates that patients with minor responses and stable disease also benefit, particularly in terms of improved quality of life. Given these data, it appears that TK mutations may not predict benefit in all patients. Furthermore, response does not always correlate well with survival, and factors that predict response to an agent may not necessarily predict survival accurately. Notwithstanding these limitations, it is a major discovery that mutations in the ATP-binding pocket of the TK domain of the EGFR gene predict major responses to gefitinib and erlotinib.
An interesting consideration raised by Lynch et al. [69] is the relevance of the dose of, or exposure to, the HER1/EGFR inhibitor. It is suggested that more resistant, non-mutated tumours may respond to higher concentrations of gefitinib. More potent inhibitors or higher doses may be effective against tumours with either wild-type or mutant HER1/EGFR. Further studies are clearly needed to determine the relationship between these mutations and response, survival and stable disease, and to examine the effect of drug potency and/or exposure.
Clearly more studies are warranted to confirm these results with other EGFR inhibitors and other tumour types. 
Summary
Chemotherapy remains the mainstay of cancer therapy, but it is associated with pronounced toxicity and limited improvement in survival. HER1/EGFR-targeted agents with their encouraging efficacy, milder toxicity profile and quality of life benefits, offer hope for patients with advanced, inoperable disease. Preclinical and phase II study data have borne out this hope, but the varying results of phase III trials highlight the need to explore new strategies to maximise the clinical benefit of these therapies. The influence of pharmacokinetics on treatment outcome remains to be established. In particular, further research is required before the optimal dosing strategy for HER1/EGFR-TK inhibitors is defined. Dosing at MTD ensures that a high plasma concentration is attained, but it is unclear at what concentration complete receptor and downstream signalling is achieved.
Phase III trials of erlotinib and gefitinib in NSCLC indicate that their concomitant use with chemotherapy does not provide additional benefit and ongoing studies are focusing on sequential administration. Preclinical sequencing data are encouraging and will hopefully translate to the clinical setting. Trials are also combining HER1/EGFR-targeted agents with other targeted therapies. Hopefully, clinical benefit will be derived through the targeting of multiple pathways and these regimens will be less toxic than conventional chemotherapy combinations.
The greatest challenge in optimising the use of TK inhibitors is posed by patient heterogeneity. Mounting evidence indicates that factors such as gender, tumour histology, smoking status and ethnicity predict for response, as do the activation of downstream signalling pathways such as MAPK, AKT and STAT. Of particular interest is the observation that, while current data cannot support the use of HER1/EGFR expression levels as a predictor of response, mutations in the receptor might be powerful predictors of clinical outcome.
It is hoped that well-conducted randomised controlled trials will continue to confirm the role of HER1/EGFR-targeted agents in the treatment of early and late-stage cancers and that gene-chip and array technologies will allow us to fully investigate predictors of response, allowing treatment to be tailored for individual patients based on genotype, tumour phenotype or other factors.
